Objective-Alterations in carotid artery structure and function may represent phenotypic measures of vascular disease that contain information beyond that which can be inferred from conventional cardiovascular disease risk assessment. However, apart from their associations with cardiovascular disease risk factors and outcome, the genetic basis of variations in carotid artery structure and function is largely unknown. The purpose of this study was to examine the genetic and environmental contributions to carotid artery structure and function in 3 large groups of American Indians. [1] [2] [3] Moreover, alterations in carotid artery structure and function may represent phenotypic measures of vascular disease that contain information beyond that which can be inferred from conventional CVD risk factors and, thereby, may better guide aggressive preventive strategies. 4 More important, numerous epidemiological studies have demonstrated the ability of abnormal carotid artery structure to predict future CVD events, most notably, myocardial infarction. [5] [6] [7] [8] The recent documentation of the prognostic utility of arterial function has been largely confined to hypertensive populations. 9, 10 Although carotid artery function and size in normotensive individuals are strongly influenced by age, blood pressure, and body habitus, 11 much of carotid artery variability is unexplained and is likely attributable to genetic factors. However, apart from genetic contributions to CVD risk factors, the genetic basis of variations in carotid artery structure and function is largely unknown. Thus, the objective of the present study is to examine the genetic and environmental contributions to noninvasive measures of carotid artery structure and function in American Indians participating in the Strong Heart Family Study (SHFS) as a first step in our search for CVD risk factor genes.
N umerous studies have demonstrated that carotid artery structure and function are influenced by cardiovascular disease (CVD) risk factors, most notably, age, hypertension, and diabetes. [1] [2] [3] Moreover, alterations in carotid artery structure and function may represent phenotypic measures of vascular disease that contain information beyond that which can be inferred from conventional CVD risk factors and, thereby, may better guide aggressive preventive strategies. 4 More important, numerous epidemiological studies have demonstrated the ability of abnormal carotid artery structure to predict future CVD events, most notably, myocardial infarction. [5] [6] [7] [8] The recent documentation of the prognostic utility of arterial function has been largely confined to hypertensive populations. 9, 10 Although carotid artery function and size in normotensive individuals are strongly influenced by age, blood pressure, and body habitus, 11 much of carotid artery variability is unexplained and is likely attributable to genetic factors. However, apart from genetic contributions to CVD risk factors, the genetic basis of variations in carotid artery structure and function is largely unknown. Thus, the objective of the present study is to examine the genetic and environmental contributions to noninvasive measures of carotid artery structure and function in American Indians participating in the Strong Heart Family Study (SHFS) as a first step in our search for CVD risk factor genes.
Methods

Strong Heart Study
The Strong Heart Study (SHS) is a longitudinal population-based study of the prevalence and incidence of CVD and its risk factors in 13 American Indian communities in 3 geographic regions in North and South Dakota, Oklahoma, and Arizona, including 3 phases of clinical examination and ongoing mortality and morbidity surveillance of resident tribal members aged 45 to 74 years (the cohort). During the baseline examination, conducted between 1989 and 1991, 4549 tribal members were examined. The second examination, conducted between 1993 and 1995, included 89% of the surviving members of the original cohort, and the third examination, conducted in 1998 to 1999, included 88% of surviving members of the cohort. A pilot family study was initiated in the third examination, the SHFS, in which 8 to 12 extended families (Ͼ300 family members aged at least 18 years) were recruited and examined in each region. An extension of the pilot family study is currently in progress and will involve recruitment of Ϸ90 additional families, equally divided among regions.
Strong Heart Family Study
Men and women, aged Ն18 years, in 32 extended families were examined between 1997 and 1999 in the SHFS. Data were available for a total of 1011 individuals. All participants gave informed consent for the present study, which was approved by the Institutional Review Boards of all of the participating institutions.
Details of the 3 family study populations have been previously described 12 but are briefly reviewed in the present study. In the Dakota center, participants have been primarily examined from the Cheyenne River Sioux tribe in Eagle Butte, SD. The Oklahoma center sampled members of 7 tribes: the Apache, Caddo, Comanche, Delaware, Fort Sill Apache, Kiowa, and Wichita tribes in southwestern Oklahoma. The Arizona Field center enrolled members of the Pima, Maricopa, and Papago (Tohono O'odham) Indian tribes 13 on the Gila River and Salt River Reservations. 14 
Phenotypic, Demographic, and Lifestyle Data
The aim of SHFS is to investigate genetic determinants of CVD and its risk factors in American Indians. The SHFS examination consisted of a personal interview, physical examination, laboratory tests, computerized ECG, carotid ultrasonography, and assessment of arterial function with the use of applanation tonometry. During the physical examination, various categories of phenotypes were measured, including obesity, lipid profile, hypertension and diabetes status, and clotting indices.
Previous publications describe the standard protocols that were used for the collection of all data. 13, 14 Briefly, fasting blood samples were obtained during the physical examination for the measurements of lipids, lipoproteins, apolipoproteins, insulin, glucose, plasma creatinine, plasma fibrinogen, and plasminogen activator inhibitor-1. All variables were assayed at the MedStar Research Institute, Washington, DC, by using standard laboratory methods, as previously described. 13, 14 Diabetes status was determined by using the World Health Organization criteria. 15 Hypertension status was defined by using Joint National Committee V criteria. 16 Participants were considered hypertensive if they had a systolic blood pressure Ն140 mm Hg and/or a diastolic blood pressure Ͼ90 mm Hg or were using antihypertensive medications. Body surface area was calculated by using a standard nomogram. Information was also collected on demographic characteristics, lifestyle variables, medical history, and reproductive history. Smoking was defined as having had at least 100 cigarettes.
Carotid Ultrasound Measurements
Carotid ultrasound measurements were made by using previously described methods. 1, 17 In brief, the extracranial segments of the right and left carotid arteries were extensively scanned by using a high-frequency 2D ultrasound probe. Atherosclerotic plaque was defined as the presence of focal thickening of Ͼ50% of the surrounding wall. The presence of significant obstruction was detected by Doppler techniques. Carotid artery structure was quantified from M-mode tracings of the distal common carotid artery obtained 1 to 2 cm proximal to the carotid bulb; M-mode tracings were never obtained at the level of a discrete plaque. M-mode tracings were acquired from videotape with the use of a frame grabber, and measurements were performed on digitized images with the assistance of custom software (ARTSS, Cornell University). Intimal-medial thickness (IMT) of the far wall was measured for several cycles at end diastole and averaged. Minimum (end-diastolic) and maximum (peak-systolic) diameters were obtained by continuous tracing of the lumen-intima interfaces of the near and far walls.
Arterial cross-sectional area, an estimate of circumferential wall volume or vascular mass, was calculated as previously described. 17 Arterial function was quantified by using methods that incorporate carotid artery imaging (systolic and diastolic arterial diameters) and arterial pressure waveforms. 18, 19 Applanation tonometry was performed on the radial artery by using a high-fidelity solid-state transducer (Millar), and the central pressure waveform was generated by using a validated transfer function. 20, 21 Two estimates of vascular stiffness were evaluated: the arterial stiffness index (␤ value), which is relatively independent of distending pressure, 22, 23 and the augmentation index (AI), a method that quantifies the extent to which vascular stiffening augments late-systolic central pressure that is due to a more rapid return of waves reflected from the periphery. 24, 25 
Analytical Techniques
Univariate quantitative genetic analyses were used to partition the phenotypic variance of carotid artery structure and function into their additive genetic and environmental variance components 26, 27 by using maximum likelihood variance decomposition methods. 28, 29 This approach was implemented in the computer program Sequential Oligogenic Linkage Analysis Routines (SOLAR) 30 and allows for an explicit test of whether correlations among family members are in part due to genetic effects.
The likelihood of the phenotypes of the family members was assumed to follow a multivariate normal distribution, although the method is robust to violations of this assumption. 31 The phenotypic covariance matrix was modeled as a function of the coefficient of relationship between individuals and the additive genetic and environmental variances. Once the expected mean and the covariance matrix of each pedigree were defined, the likelihood of a pedigree was evaluated by using the multivariate normal density function and summed over all pedigrees. 30 Probability values for the heritability calculations were obtained by likelihood ratio tests, where the likelihood of a model is estimated and compared with the likelihood of the model in which the heritability is constrained to 0. Twice the difference in the natural logarithmic likelihood is asymptotically distributed as a 1/2:1/2 mixture of a 2 variable with 1 df and a point mass at 0. 32 The heritability of plaque was estimated by using a pedigree-based maximum likelihood method that models disease status by a liability threshold model. 26, 33 Although disease status is usually considered a qualitative trait, with individuals scored either as affected or unaffected, it is generally assumed that there is an underlying quantitative liability that determines affection status. If an individual's liability exceeds a specified threshold, disease ensues. In contrast, if an individual's liability is below the threshold, the individual will remain unaffected. Liabilities and the threshold value itself are estimated by using sex-and age-specific parameters and the population prevalence of the disease trait. To use the threshold model, we assume that the underlying liability distribution is normal. The joint probability of observing the disease statuses of family members is calculated by using a multivariate normal distribution that allows for relatedness.
Application to SHFS Data
The measures of arterial structure that were analyzed included lumen diameter, IMT, cross-sectional area, and the presence of plaque. The first 3 structural parameters were assessed by using the average of values from the right and left common carotid arteries. The functional parameters analyzed were the average ␤ value and AI.
To maximize our power to detect genetic effects on carotid artery structure and function, our initial analyses were based on the combined data from all 3 centers. However, center was included as a covariate by using 2 indicator variables in all analyses to obtain an estimate of between-center differences. When larger sample sizes become available, independent analyses can be conducted in each center.
The analysis of each phenotype was restricted to those individuals for whom all covariate data were complete. The data for arterial cross-sectional area and arterial stiffness were natural-logarithmically transformed. The initial analysis screened each carotid phenotype for linear fixed effects (statistically significant at the PՅ0.10 level) for the following covariates: sex, age, diabetes status, impaired glucose tolerance status, smoking status, cholesterol, and hypertension status. Additionally, body surface area was also considered in analyses of arterial lumen diameter and cross-sectional area. Any covariates whose univariate linear effects were significant at the PՅ0.10 level in the initial analysis were retained in subsequent analyses, even if the significance levels decreased after inclusion of other covariates. After the initial covariate screening, maximum likelihood methods were used to estimate the effects of covariates and additive effects of genes. We also experimentally substituted the covariates systolic blood pressure, diastolic blood pressure, and pulse pressure for hypertension status; however, because these substitutions did not substantially alter our findings, only the results using the covariate hypertension status will be reported.
Results
Descriptive Statistics
A total of 518 female and 369 male SHFS participants had requisite carotid data for the present analyses. Because we recruited extended families, the sample of examined individuals included information on Ϸ12 800 relative pairs: nearly 1900 pairs of first-degree relatives, 3025 pairs of seconddegree relatives, 4012 pairs of third-degree relatives, and 4863 pairs of relatives of fourth-degree of greater. 12 The descriptive statistics for carotid artery structure and function of SHFS participants are reported in Table 1 .
Covariate Effects
The descriptive statistics of estimated covariates are reported in Table 2 . The meanϮSD values of body surface area in men and women were 2.10Ϯ0.25 and 1.89Ϯ0.22 m 2 , respectively. The mean total cholesterol levels in men and women were 185Ϯ38 and 180Ϯ35 mg/dL, respectively. The prevalences of diabetes and hypertension were both Ϸ30% in men and women. Approximately 37% and 60% of men and 32% and 48% of women reported that they currently and had ever smoked, respectively.
The proportion of the total phenotypic variance accounted for by the measured covariates ranged from 36% (plaque) to 54% (arterial cross-sectional area, Table 3 ). For arterial structural and functional phenotypes, the proportion of variance accounted for by covariate effects was substantial, with sex, age, and body surface area significantly affecting all arterial measures. The effects of hypertension and diabetes status were statistically significant for most of the variables examined, whereas cholesterol levels, center effects, and smoking status were less often statistically significant. Table 3 presents the proportion of the variance that is due to the covariates and the heritability, measured as the proportion of residual phenotypic variance due to the additive effect of genes, after accounting for the effects of covariates, for carotid artery structure and function. The proportion of residual phenotypic variance due to the additive effects of genes ranged from 18% (AI) to 44% (lumen diameter), with all PՅ0.001. In contrast, the heritability of liability to plaque was not significantly different from 0. The estimation of heritabilities was limited to that attributable to additive genetic effects. If other nonadditive sources of genetic variation exist, such as dominance or epistasis, then these observed heritabilities would represent lower bounds and are conservative. CSA indicates cross-sectional area; ln, log-transformed.
Heritability of Carotid Artery Structure and Function
Discussion
The present study indicates that after simultaneously adjusting for sex, age, diabetes status, impaired glucose tolerance status, smoking status, cholesterol, hypertension status, and body surface area, when appropriate, the additive effects of genes explain a moderate proportion of the variability of carotid artery structure and function in American Indian participants in SHFS. To our knowledge, the present study is the first to report heritabilities of 4 of the 6 measures examined (ie, lumen diameter, arterial cross-sectional area [a measure of vascular mass], plaque, and ␤ value) and to document the importance of genetic factors in influencing carotid artery structure and function. Duggirala et al 34 reported a considerably higher heritability (given as h 2 value) of carotid artery wall thickness (h 2 0.92) among a small sample (nϭ88) of mestizo sibling pairs from Mexico City. However, the authors suggested that their findings should be interpreted with caution because the characteristics of their data (small sample of sibships only) could have inflated their heritability estimate. In addition, their study did not provide separate analyses of IMT and plaque, because plaque, whenever present, was incorporated into the measurement of wall thickness. In contrast, the findings from the present study are similar to those in 2 previous reports suggesting that genetic factors accounted for 30% 35 It should be noted that direct comparison of the heritability estimates from the present study with those obtained from other studies is problematic. Different methods of parameter estimation, study designs, population-specific environmental contributions to the phenotypic variance, and ascertainment schemes affect heritability estimates, possibly resulting in different heritabilities even when the genetic variance estimates in the different populations are similar. 39, 40 The inclusion of covariates that are known to aggregate in families may have affected our results. Indeed, some of the covariates that we included are themselves genetically mediated, eg, diabetes status and hypertension. 41 Including such variables in the heritability calculation could reduce the heritabilities whenever there are pleiotropic effects of genes on the covariate and the phenotypic measure under study. Recognizing that American Indian populations have among the highest rates of diabetes worldwide, we reasoned that genes influencing diabetes status also may affect carotid artery structure and function and that by "factoring out" the effects of diabetes status, we may have removed some of the genetic components of variation. In fact, we have previously demonstrated pleiotropic and environmental interactions between diabetes status and several CVD risk factors. 41 Nonetheless, it was important to include diabetes and hypertension as covariates in all estimates because they are substantial correlates of these measures.
